One of the key factors behind the rapid evolution of molecular spintronics is the efficient realization of spin manipulation of organic molecules with a magnetic center. The spin state of such molecules may depend crucially on the interaction with the substrate on which they are adsorbed. In this letter, we demonstrate, using ab initio density functional calculations, that the stabilization of a high spin state of an iron porphyrin (FeP) molecule can be achieved via a dedicated chemisorption on magnetic substrates of different species and orientations. It is shown that the strong covalent interaction with the substrate increases Fe-N bond lengths in FeP and hence a switching to a high spin state (S=2) from a low spin state (S=1) is achieved. A ferromagnetic exchange interaction is
established through a direct exchange between Fe and substrate magnetic atoms as well as through an indirect exchange via the N atoms in FeP. The mechanism of exchange interaction is further analyzed by considering structural models constructed from ab initio calculations. Finally, we illustrate the possibility of detecting a change in the molecular spin state by x-ray magnetic circular dichroism, Raman spectroscopy and spin-polarized scanning tunneling microscopy.
Manipulation and detection of spin states of organic molecules with a magnetic centre are important issues in molecular spintronics. The change in the spin state can be achieved by external agents like temperature, light, pressure etc. Recently, it was shown 1 that a transition from S=1 to S=2 spin state of an iron porphyrin (FeP) molecule is possible by strain engineering of a defected graphene sheet. The microscopic mechanism behind this change in the spin state is identified as the change in Fe-N bond length due to the interaction with strained graphene. The difference in the occupancy of molecular orbitals due to different bond lengths is responsible for the change in the magnetic moment of the Fe atom at the center of FeP. In this letter, we demonstrate another route to realize this effect, but now by dedicated chemisorption on a magnetic metallic substrate, which may offer an easier experimental investigation.
Metalorganic molecules supported on magnetic substrates have attracted a lot of attention in the last few years. 2 The primary focus is to understand and manipulate magnetic exchange coupling between the 3d metal center of a metalorganic (FeP, FePc, CoPc etc.) molecule and a metallic magnetic substrate, such as Co, Ni etc. It has been shown that the exchange coupling can be tuned to be either ferromagnetic 3 or antiferromagnetic, 4 depending on the chemical environment and hence on the mechanism of magnetic exchange interaction between Fe and the magnetic atom of the substrate. Sophisticated experimental tools, such as element specific x-ray magnetic circular dichroism (XMCD) 3 and spin-polarized scanning tunneling microscopy (SPSTM) 5 as well as accurate density functional theory calculations [3] [4] [5] have played an instrumental role in uncovering the microscopic mechanisms behind these exotic phenomena.
The adsorption of metalorganics, e.g., FeP on a metallic magnetic substrate can take place in two distinct ways. One is physisorption where the molecule has a weak van der Waals interaction with the substrate without forming any chemical bond and hence, more or less preserves its gas phase properties. However, in the scenario of chemisorption, the molecule-substrate interaction is much stronger in the presence of well established chemical bonds. 6 A substantial change in the geometry and electronic structure of the molecule is expected in this case due to the change in the ligand field exerted on the Fe d-orbitals. To be precise, the microscopic reason is the enhancement of Fe-N bond lengths ( > 2.04 Å), which are larger than those in gas phase or the physisorbed molecule. Moreover, we will show below that irrespective of surface orientation, FeP prefers to stabilize itself in such a way that it maximizes the chemical bonding between the nitrogen atoms of FeP and the underlying substrate atoms. Hence, we propose a general procedure of stabilizing metalorganics on magnetic substrates via dedicated chemisorption to introduce a mechanical strain on the molecule which leads to a transition from a low to a high spin state. We will also show how one can detect the change in the spin states by Raman spectroscopy and SP-STM experiments. smaller Fe-N bond length (< 2.04 Å) leads to a smaller exchange splitting with a S=1 spin state (top right). Both the majority and minority spin channels are thus partially filled. A larger exchange splitting is observed for an increased Fe-N bond length (> 2.04 Å), where the majority channel gets occupied completely and a high spin state (S=2) is obtained (bottom right).
We have performed first principles density functional calculations using the VASP code. 7, 8 Plane wave projector augmented wave basis was used in the Perdew Becke Ernzerhof generalized gradient approximation (PBE-GGA) for the exchange correlation potential. The plane wave cut off energy used was 400 eV. A 3x3x1 Monkhorst Pack k-point set was used for the integration in the Brillouin zone. Atoms were relaxed until the Hellman Feynman forces were minimized up to 0.01 eV/Å. We have used 7x7 lateral supercells of the magnetic substrate for the (001) and (111) orientations and a 6x7 supercell was used for the (110) surfaces. In all cases, a slab of three layers and 21 Å of vacuum length perpendicular to the substrate were considered. For geometry optimizations, the atoms in the lowest layer were kept fixed and all the other atoms in the slab as well as in the FeP molecule were allowed to relax. To account for the electronic correlations in the narrow d-states of Fe in the FeP molecule, we have used GGA+U approach where a Coulomb interaction term is added according to the mean field Hubbard U formalism. 9 The values of the Coulomb parameter U and the exchange parameter J were chosen to be 4 eV and 1 eV respectively as these values correctly reproduce the electronic structure and magnetism of FeP in the gas phase. 10 For all cases, we have used a semi-empirical approach 11 to account for van der Waals interaction between FeP and the substrates. correction factor 0.9614 14 . Raman Intensities were calculated using the expression: 15
, where f is a scaling factor (1.0 in this case), S i are the calculated Raman activities, ν 0 is the wave number corresponding to the excitation laser line in cm −1 (we used 457.9 nm as it is in the range used to measure the resonance Raman spectrum of porphyrins 16 ), ν i is the calculated vibrational frequency, h, c and k B are Planck's constant, speed of light and Boltzmann's constant respectively, while T is the room temperature (293 K).
(c) (001) case, the spin-down channel shows a bright intensity in the region of the Fe center, whereas it is absent in the spin-down channel for the filled state images. This is true for Ni(110) surface as well.
All these changes observed in the SP-STM images should be useful for detecting the spin state.
In summary, we have demonstrated by ab initio density functional calculations that a dedicated 
